accumulates at Arf6-positive endosomes in response to nerve growth factor (NGF) stimulation and that centaurin β 2 is recruited to the same compartment in a Rab35-dependent manner. We further showed by knockdown-rescue experiments that after the Rab35-dependent recruitment of centaurin β2 the Arf6-GAP activity of centaurin β 2 at the Arf6-positive endosomes was indispensable for NGF-induced neurite outgrowth. These findings suggest a novel mode of cross-talk between Rab and Arf, i.e., a Rab effector-ArfGAP coupling mechanism, in which ArfGAP is recruited to a specific membrane compartment by its Rab effector function.
4
, although the exact mechanism of the Rab35-mediated neurite outgrowth has remained to be elucidated. Involvement of the Arf-type small GTPase Arf6 in neurite outgrowth has also been reported (reviewed in Jaworski, 2007) . In contrast to Rab35, however, expression of a constitutive active Arf6 mutant has been found to inhibit neurite outgrowth of rat hippocampal neurons (Hernández-Deviez et al., 2004) . Although two small GTPases, Rab35 and Arf6, are likely to be involved in neurite outgrowth in a coordinated fashion, little is known about their functional relationships or whether Rab35 and Arf6 regulate neurite outgrowth independently, sequentially, or cooperatively.
In this study, we analyzed the function of Arf6-GAP centaurin β 2 (also called ACAP2) (Jackson et al., 2000) , which has recently been reported to be an active Rab35-binding protein (Kanno et al., 2010) . We showed that centaurin β 2 is recruited to Arf6-positive endosomes through a direct interaction with Rab35 and that centaurin β 2 inactivates Arf6 after its recruitment to the Arf6-positive endosomes during neurite outgrowth of PC12 cells. We discuss the novel cross-talk between Rab35 and Arf6 through centaurin β 2 based on our findings.
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Results
Rab35 and centaurin β 2 are essential factors for neurite outgrowth
We and others have previously shown that expression of the constitutive active mutant of Rab35 (Rab35-Q67L) in PC12 cells enhances NGF-induced neurite outgrowth, whereas its constitutive negative mutant (Rab35-S22N) inhibits it (Chevallier et al., 2009; Kanno et al., 2010) , however, involvement of endogenous Rab35 molecules in NGF-induced neurite outgrowth of PC12 cells has never been investigated. To do so,
we first investigated endogenous expression of Rab35 in PC12 cells by immunoblotting with an anti-Rab35-specific antibody ( (Fig. 1A,B ). The same result, i.e., strong inhibition of NGF-induced neurite outgrowth, was obtained when a Rab35-specific GAP, TBC1D10C/EPI64C (Patino-Lopez et al., 2008; Hsu et al., 2010) , was overexpressed in PC12 cells (data not shown). These findings indicated that endogenous Rab35 is actually an essential mediator of neurite outgrowth of PC12 cells.
The first step in determining the molecular mechanism responsible for the Rab35-mediated neurite outgrowth of PC12 cells was to identify the downstream effector of Rab35. Although several Rab35-binding proteins have been reported in the literature Zhang et al., 2009; Kanno et al., 2010) , we focused on Journal of Cell Science Accepted manuscript 6 Arf6-GAP centaurin β 2/ACAP2 (supplementary material Fig. S1 ) as a candidate Rab35 effector, because centaurin β 2 was found to bind GTP-Rab35 specifically among the 60 mammalian Rabs tested (Kanno et al., 2010) and it is endogenously expressed in PC12 cells (Fig. 1F , lane 1 in the upper panel). If centaurin β 2 actually functions as a downstream effector of Rab35, centaurin β 2 should also be required for NGF-induced neurite outgrowth. To investigate this possibility, we knocked down endogenous centaurin β 2 molecules in PC12 cells with specific shRNAs (Fig. 1F ) and evaluated their effect on neurite outgrowth. As shown in Figure 1D and 1E, a dramatic reduction in the neurite length of centaurin β 2-depleted cells was observed (Fig. 1E) , the same as in the Rab35-depleted cells described above, suggesting that centaurin β 2 functions as a downstream effector of Rab35 in neurite outgrowth of PC12 cells. Since depletion of either Rab35 or centaurin β2 in cultured mouse hippocampal neurons also resulted in the same phenotype, i.e., a dramatic reduction in the neurite length (supplementary material Fig. S2 ), Rab35 and centaurin β2 also regulate neurite outgrowth of neuronal cells.
Rab35 recruits centaurin β 2 to Arf6-positive endosomes during neurite outgrowth
Next, we produced and used specific antibodies toward Rab35 and centaurin β2
(supplementary material Fig. S3 ) to analyze the subcellular localization of endogenous regulates neurite outgrowth in concert with Rab35. Such accumulation was likely to be attributable to the increased local concentration of Rab35 and centaurin β2 in the peri-nuclear area in response to NGF stimulation, because their levels of expression before and after NGF stimulation were similar (Fig. 2C ).
The co-localization of Rab35 and centaurin β2 in the peri-nuclear area in NGF-stimulated PC12 cells led us to hypothesize that centaurin β2 is recruited to Rab35-positive peri-nuclear regions through a direct interaction with Rab35. We tested our hypothesis by investigating the subcellular localization of centaurin β2 in Rab35-depleted PC12 cells in the presence of NGF stimulation. The results showed that the centaurin β 2 signals were significantly reduced in Rab35-depleted PC12 cells (Fig. 3A,B) , indicating that Rab35 is required for the peri-nuclear recruitment of centaurin β2. By contrast, knockdown of centaurin β2 had no significant effect on the peri-nuclear localization and expression of Rab35 (Fig. 3C,D,F) . Since the level of Journal of Cell Science Accepted manuscript 8 expression of centaurin β2 was unaltered by the Rab35-knockdown (Fig. 3E ), centaurin β2 is likely to be dispersed from Rab35-positive peri-nuclear compartments into the cytosol (or other membrane compartments) in Rab35-depleted PC12 cells.
To further identify the peri-nuclear compartment, in which centaurin β 2 was recruited by Rab35, we co-stained for Rab35/centaurin β 2 and several organelle markers, i.e., EEA-1 (an early endosome marker), GM130 (a Golgi marker), Rab7 (a late endosome and lysosome marker), Rab11 (a recycling endosome marker), and γ-tubulin (a centrosome marker), and quantitatively analyzed their co-localization by PCC (supplementary material Fig. S4 ). The results of the immunofluorecence analysis indicated that endogenous Rab35 and centaurin β 2 were present at the peri-centrosomal area and that they partially co-localized with Rab11 (data not shown and supplementary material Fig. S4A ,B; PCC, 0.31 ± 0.14). Since Arf6, a target of centaurin β2, has been shown to be localized at recycling endosomes (Donaldson, 2003; van Ijzendoorn, 2006) , We therefore concluded that they were mainly localized at the peri-centrosomal One known cross-talk between Rab and Arf is a cross-talk between Rab11 and Arf6 mediated by Rab11-FIP3/Arfophilin-1, which functions as "dual effectors" for Rab11
and Arf6 (Fielding et al., 2005; Shiba et al., 2006; Schonteich et al., 2007) . In the present study, we discovered a novel mode of cross-talk between Rab35 and Arf6 mediated by centaurin β2, which functions as both a Rab35 effector and Arf6-GAP (i.e., 
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13 Our findings that endogenous Rab35 and centaurin β2 are localized mainly at the peri-centrosomal Arf6-positive endosomes in PC12 cells (Fig. 4A,B and supplementary material Fig. S4A ) are consistent with previous reports showing that exogenously expressed Rab35 co-localized with EHD1, which is known to be localized at recycling endosomes (Lin et al., 2001; Allaire et al., 2010) , and that Arf6 was also localized at the same compartment (Donaldson, 2003; van Ijzendoorn, 2006) .
However, Rab35 has also been reported to localize at other intracellular compartments, e.g., the plasma membrane, in other cell types (Kouranti et al., 2006 , Allaire et al., 2010 together with our own discovery of the novel cross-talk between Rab35 and Arf6 in PC12 cells, suggested that functional cross-talk between these two small GTPases through centaurin β2 may occur in other cellular events. Actually, very recently, while this manuscript was being prepared for publication, centaurin β2 was reported to be involved in phagocytosis (Egami et al., 2011) . In summary, we have demonstrated by knockdown-rescue experiments that both the Rab35 effector function and Arf6-GAP activity of centaurin β2 are essential for NGF-induced neurite outgrowth of PC12 cells. Based on these findings, we propose a novel concept, i.e., a Rab effector-ArfGAP coupling mechanism (Fig. 7) , in which
ArfGAP is recruited to a specific membrane compartment by its Rab effector function,
16 i.e., by a direct interaction with specific Rab, and then inactivates Arf in the membrane compartment.
Materials and Methods
Antibodies
Anti-Rab35 guinea pig polyclonal antibodies were produced by using purified GST-mouse Rab35 (Kanno et al., 2010) (named anti-GST-Rab35) and a C-terminal peptide (amino acid residues 161-180; FNCITELVLRAKKDNLAKQQ) of mouse Rab35 (named anti-Rab35-C) as antigens. The anti-GST-Rab35 antibody was affinity-purified as described previously (Fukuda and Mikoshiba, 1999) and used for immunoblotting analyses. The anti-Rab35-C serum was used for immunofluorescence analyses. Anti-centaurin β 2 rabbit polyclonal antibody and anti-Rab7 rabbit polyclonal antibody were produced by using purified GST-mouse centaurin β 2-ANKR (amino acid residues 580-770) and GST-mouse Rab7, respectively, as the antigen, and they were affinity-purified as described previously (Fukuda and Mikoshiba, 1999) . 5'-GGGTATCTGTTCAAACGAG-3') were constructed as described previously (Kuroda and Fukuda, 2004) , using pSilencer-neo 2.0-U6 vector (Ambion, Austin, TX, USA), which expresses shRNA. Unless otherwise stated, siRab35, siArf6, and shCentβ2 mean siRab35 #1, siArf6 #2, and shCentβ2 #1, respectively, throughout this paper. The knockdown by each siRNA and shRNA was confirmed by its expression in PC12 cells or Neuro2a cells for 60-84 hr followed by immunoblotting with specific antibodies as described below.
Plasmids
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cDNA encoding mouse Rab35-Q67L (constitutive active mutant) was prepared as described previously (Kanno et al., 2010) and inserted into the pEGFP-C1 vector (BD Biosciences Clontech). cDNAs encoding mouse centaurin β 2, centaurin β 2-R442Q (i.e., Arf6-GAP-activity-deficient mutant), and centaurin β 2-ΔANKR (Rab35-binding-activity-deficient mutant) were prepared as described previously Arf6-Q67L (constitutive active mutant) was generated by the same PCR sewing technique by using pGEM-T-Arf6 as a template and the following two pairs of oligonucleotides: 5'-TAATACGACTCACTATAGGGCGA-3' (pGEM-T-5' primer, i.e., T7 primer) and 5'-GATCTTGTCCAGGCCGCCCAC-3' (mutagenic Arf6-Q67L reverse primer) for an N-terminal-side fragment of Arf6-Q67L, and 5'-GTGGGCGGCCTGGACAAGATC-3' (mutagenic Arf6-Q67L forward primer) and 5'-ATTTAGGTGACACTATAGAATAC-3' (pGEM-T-3' primer, i.e., SP6 primer) for a C-terminal-side fragment of Arf6-Q67L. The resulting mutated fragment was inserted into the pmStrawberry-N1 (pmStr-N1) vector, which was modified from pEGFP-N1
(BD Biosciences Clontech) by replacing the EGFP-coding sequence with an mStr-coding sequence. We performed DNA sequencing to confirm that no unexpected mutations had occurred in the open reading frame of the cDNAs described above.
Cell cultures and transfections
PC12 cells were cultured at 37°C in Dulbecco's modified Eagle's medium (DMEM) (Sigma-Aldrich Corp. or Wako Pure Chemical Industries, Ltd., Osaka, Japan)
supplemented with 10% fetal bovine serum, 10% horse serum, 100 U/ml penicillin G, and 100 μg/ml streptomycin, under 5% CO 2 (Fukuda et al., 2002) . COS-7 cells and Neuro2a cells were cultured at 37°C in DMEM supplemented with 10% fetal bovine serum, 100 U/ml penicillin G, and 100 μg/ml streptomycin, under 5% CO 2 . Mouse hippocampal neurons were prepared essentially as described previously ( Immunoblotting PC12 cells, COS-7 cells, and Neuro2a cells were harvested and homogenized as described previously (Fukuda and Kanno, 2005) . Total cell lysates were analyzed by 10-12.5% SDS-polyacrylamide gel electrophoresis (PAGE) followed by immunoblotting with specific primary antibodies. Immunoreactive bands were visualized with appropriate HRP-conjugated secondary antibodies and detected by enhanced chemiluminescence (ECL) (Amersham Biosciences, Buckinghamshire, UK).
To evaluate the shRNA-resistance of each SR construct, COS-7 cells were co-transfected with the pSilencer-centaurin β2 (#1) knockdown-construct and Journal of Cell Science Accepted manuscript 22 pEGFP-C1-centaurin β2 SR construct, harvested 48 hr after transfection, and analyzed by immunoblotting as described above (supplementary material Fig. S5 ).
Immunofluorescence
For immunofluorescence analysis, PC12 cells were fixed with either 4%
paraformaldehyde ( 
Co-localization analyses
For co-localization analyses, PC12 cells were treated with NGF for 6 hr. Cells were then fixed and stained with antibodies against centaurin β 2 (or Rab35) and the organelle markers indicated in Figs 
